Background and Purpose-We have developed a dynamic CT method to measure absolute cerebral blood flow (CBF), cerebral blood volume (CBV), and mean transit time (MTT). In this study we evaluated the ability of CT-derived functional maps to detect infarction in a rabbit model of focal cerebral ischemia. Methods-Sequential dynamic CT studies were performed at 2 different slices in 5 control rabbits and another 8 after induction of focal cerebral ischemia. The size of critically ischemic tissue was correlated to size of infarction measured by postmortem 2,3,5-triphenyltetrazolium chloride staining. In the control rabbits, short-term variability of the parameters was assessed by ANOVA analysis. Results-In 7 of 8 animals of the ischemia group, cerebral infarction was visible on 2,3,5-triphenyltetrazolium chloride staining, constituting 16.7Ϯ10.6% of the ipsilateral hemisphere. Good agreement of CBF functional maps with tissue specimens was found with respect to size and location of infarction. Best prediction of infarction was found for thresholds of CBF Ͻ10 mL/100 g per minute (mean size, 17.5Ϯ13.4%; rϭ0.95) and MTT Ͼ6 seconds (mean size, 15.6Ϯ13.5%; rϭ0.85), with regression slopes close to unity. CBV maps were less predictive of occurrence of infarction, especially in cases of small infarction. The short-term variability of CBF, CBV, and MTT in the control group was 10.9%, 15.2%, and 19.9%, respectively. 
T he recent introduction of intravenous thrombolysis has improved acute stroke therapy considerably. 1 However, efficient use of this potentially effective treatment modality requires robust algorithms for patient selection based on thorough risk-benefit considerations. 2 It has been shown that measurement of cerebral blood flow (CBF) can predict both extent and severity of cerebral infarction [3] [4] [5] as well as clinical outcome 6, 7 in the acute stage of ischemia. Thus, early assessment of cerebral hemodynamics in stroke patients may guide the appropriate selection of treatment options.
Several methods are known to provide relative or absolute measures of CBF, cerebral blood volume (CBV), and mean transit time (MTT). Positron emission tomography (PET) remains the in vivo "gold standard" of in vivo perfusion measurements, 8 even though single-photon emission CT 9 and xenon-enhanced CT 10 have been demonstrated to be prognos-
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tically useful in acute cerebral ischemia. However, limited availability of these modalities has restricted their clinical use to specially equipped centers. With the advent of diffusionand perfusion-weighted images, MRI has made the most exciting advances in stroke imaging within the last decade. 11 However, not all stroke patients are suitable to undergo MRI studies, and, to date, the availability of MRI scanners is not prevalent enough to provide rapid "around-the-clock" accessibility.
CT of the head, which is readily available in most hospitals, is still the most frequently used imaging modality to investigate acute stroke patients. 12 Axel 13, 14 has shown that quantification of CBF and CBV can be performed by bolus injection of x-ray contrast followed by rapid CT scanning of the head. Absolute measurements require the simultaneous measurement of contrast enhancement within an artery together with that in a tissue sample; by deconvolution of these 2 enhancement curves, absolute values of CBF, CBV, and MTT can be calculated. 14 On the basis of these principles, we have developed a CT technique to measure absolute CBF, CBV, and MTT. We have validated our CT CBF values in various animal models against CBF measurements using fluorescent microspheres. 15, 16 With the use of a peripheral artery not supplying cerebral tissue (eg, the radial artery) for the deconvolution process, results similar to measurements using the "true" arterial input from the carotid artery were achieved. 17 The aim of this study was to assess the diagnostic potential of CT-derived functional maps of CBF, CBV, and MTT in a rabbit model of acute focal cerebral ischemia. Since, for a given species, there exists a consistent CBF threshold below which tissue necrosis occurs, we postulated that early hemodynamic mapping allows the accurate localization of critically ischemic tissue at high risk of cerebral infarction.
Materials and Methods

Animal Protocol
A total of 15 male New Zealand White rabbits (2.8 to 3.9 kg body wt) were used in the experiments. The study procedures were approved by the Ethics Committee for Animal Studies at the University of Western Ontario (London, Ontario, Canada). All animals were initially anesthetized by intramuscular injection of ketamine/xylazine. Catheters were then placed in a femoral artery, a femoral vein, and an ear vein for physiological monitoring, blood sampling, and injection of x-ray contrast, respectively. After tracheotomy, mechanical ventilation was provided, and anesthesia was continued with 1.5% isoflurane in a mixture of room air and oxygen (40%). Muscle relaxation was achieved by intravenous administration of vecuronium (0.2 mg/kg) at regular intervals. A temperature probe was placed in the rectum for continuous monitoring of core temperature. A heating pad and bubble wrap were used to maintain core temperature at approximately 39°C.
For the 5 control rabbits, no further surgical preparation was done. The following procedures were only performed for the 10 animals of the focal ischemia group. Needle electrodes were inserted on both sides 5 mm lateral to the bregma for continuous recording of the electroencephalogram during induction of focal ischemia. The midline neck incision for tracheotomy was extended to expose the bifurcation of the left distal common carotid artery (CCA). After identification of the ipsilateral internal carotid artery (ICA), 18 the external carotid artery (ECA) was ligated and transected. The occipital artery was also ligated if it originated from the ICA. The isolated ECA stem was then retracted to introduce a 5-0 nylon filament via a 22-gauge catheter, while the ipsilateral CCA and the ICA were temporarily clipped. The 5-0 nylon suture, with its distal end coated with silicone up to a diameter of 0.3 to 0.4 mm, was introduced via ECA into the ICA. The filament was gently advanced intracranially until elastic resistance was felt (usually after 50 to 60 mm, as indicated by markers on the filament). Proper position of the filament was accompanied by prompt ipsilateral suppression (for duration of 1 to 5 minutes), followed by persistent slowing of the electroencephalographic activity. After its final position was reached, the lower end of the filament was attached to the ECA stem at the site of the insertion to prevent accidental dislocation before the neck incision was closed. One animal was excluded from the analysis because the filament could not be advanced Ͼ35 mm into the ICA.
The technical procedure described above is similar to the suture model in the rat, 19 which has been shown to be more reliable with coating of the tip of the filament. 20 Our results agree with angiographic studies by Jeppson and Olin 21 as well as the extensive work by Molnar et al. 22 The latter group injected silver balls of various diameters (0.2 to 0.45 mm) attached to thin filaments into the extracranial ICA of rabbits and identified their intracranial location by x-ray and postmortem microscopy to evaluated the occurrence of cerebral infarction. Blockage of the middle cerebral artery (MCA) sufficient to cause infarction was only observed with balls Ͻ0.35 to 0.4 mm in diameter, while larger ones lodged more proximally within the ICA. In a pilot series of experiments, we had confirmed this previous work by showing that occlusion of the MCA stem was achieved only with sutures having a distal diameter of 0.3 to 0.35 mm. Use of larger filaments or thicker coating had consistently led to lodging of the suture within the distal ICA, which prevented it from entering the proximal MCA.
The animals were then placed in the prone position on the CT couch with the head secured in a conventional CT head holder supported laterally by cushions. Both forelimbs were turned forward and placed underneath the head so that the radial arteries could be simultaneously scanned together with the brain to provide the input function for our calculations. 15 Vecuronium (0.2 mg/kg IV) was regularly given to suppress spontaneous breathing and to avoid movement artifacts during the scanning procedures. Throughout the experiment, mean arterial blood pressure and heart rate were continuously monitored. Immediately before each CT study, arterial blood was drawn to measure hematocrit, pH, PaO 2 , PaCO 2 , and blood glucose.
Six hours after onset of focal cerebral ischemia, the animals were euthanatized by barbiturate overdose (intravenous pentobarbital sodium). After the skull was removed, the brain was carefully lifted, and the location of the tip of the filament was documented. The brain was frozen, and then 4-mm slices were cut at distances 10 and 14 mm from the tip of the brain corresponding to the 2 CT slices studied (see Dynamic CT Imaging Protocol). The tissue specimens were incubated in 1% 2,3,5-triphenyltetrazolium chloride (TTC) for 30 minutes. Subsequently, the stained slices were immersed in 4% buffered formalin and photographed with a digital camera. Analysis of the extent of cerebral infarction was independently performed by 2 investigators (D.G.N., A.C.) blinded to the results of the perfusion measurements. Tissue areas without staining were manually outlined on the digital pictures of the tissue slices. Only clearly white areas were considered the infarcted area, excluding pink areas with incomplete infarction and white matter areas with insufficient staining due to the low concentration of mitochondria. 23, 24 The percent area of infarction was calculated on the basis of the pixel numbers of infarcted tissue divided by the pixel numbers of the entire hemisphere.
Dynamic CT Imaging Protocol
All imaging studies were performed with a HiSpeed CT scanner (General Electric Medical Systems) with the following technique: 80 kilovolts (peak) [kV(p)], 80 mA, 512ϫ512 matrix size, 10-cm field of view, and 3-mm slice thickness. After the initial scout scan, nonenhanced coronal CT scans were performed at 3-mm spacing, followed by imaging at finer 1-mm spacing to identify the frontal end of the brain. The 2 target slices for dynamic CT measurements were then defined at distances of 10 mm (frontal slice) and 14 mm (temporal slice) from the frontal tip of the brain ( Figure 1A ). These measurements served as a guide for postmortem slicing of the frozen brain at sites identical to those of the CT measurements (see Animal Protocol). A total of 6 dynamic (cine) CT studies were performed in each animal at 45-minute intervals on the basis of the following schedule: 3 studies at the temporal slice 1.5, 3, and 4.5 hours and 3 studies at the frontal slice 2.25, 3.75, and 5.25 hours after onset of ischemia. The selected time interval between 2 studies was sufficient for the contrast material from the previous injection(s) to be cleared from the blood circulation. If the PaCO 2 was outside the target range of 36 to 44 mm Hg, the ventilation rate was adjusted and the CT study was postponed until normocapnic levels were reestablished (usually 5 to 10 minutes later). To have a comparable time schedule among all animals, scanning was always started at the temporal slice.
Since the first CT study in ischemic rabbits was usually performed 3 hours after onset of anesthesia, the scanning schedule for the control animals was started accordingly 3 hours after onset of anesthesia.
All cine (continuous) CT scannings (at a rate of 1 scan per second) were initiated 5 seconds before a bolus of Ultravist 300 (1.0 mL/kg body wt) was injected into an ear vein at a rate of 1.0 mL/s (Medrad Injector). The short delay of contrast injection allowed for the acquisition of nonenhanced, baseline images (ie, background data for image analysis). Scanning duration was 1 minute; therefore, 60 continuous rotations of the x-ray tube were made as the couch remained stationary. The acquired images were then reconstructed at 0.5-second intervals with the use of a back-projection filter with a cutoff spatial frequency of 10 line pairs per centimeter.
CT Data Analysis
The arterial contrast concentration curve, C a (t), was determined by drawing a 5-pixel radius circular region of interest (ROI) over both radial arteries. In the first CT study, the radial artery providing the higher contrast enhancement curve (after baseline subtraction) was defined as the input artery, and the same artery was used for all subsequent studies of the experiment. The C a (t) was estimated because of partial volume averaging and was corrected by the method described previously. 15 Throughout the study, a high consistency of the partial volume averaging scaling factors was found (range, 1.2 to 1.4) with a low intraindividual (Ͻ10%) variability.
For deconvolution, both the artery and the tissue curves were interpolated to a time interval of 0.25 seconds. The brain tissue enhancement was assessed in approximately 1000 pixel blocks, each with a size of 3ϫ3 pixels, covering the entire brain area. The tissue curves for each pixel block were then deconvolved with the artery curve, on the basis of our previously described deconvolution algorithm, to determine CBF, CBV, and MTT. [15] [16] [17] For better visualization, the raw maps were then smoothed with the use of a gaussian filter involving 8 immediately adjacent pixel blocks. For data analysis, ROIs were drawn covering the entire map and separating the 2 hemispheres. Figure 1B illustrates the generation of the 12 ROIs for the short-term variability studies in the normal control animals. In the ischemia group, the left-sided ischemic hemisphere will be further referred to as ipsilateral and the unaffected hemisphere as contralateral within this report. We defined critically ischemic tissue for cerebral infarction by different a priori defined thresholds for CBF (Ͻ7, Ͻ10, Ͻ13 mL/100 g per minute), CBV (Ͻ0.5, Ͻ1.0 mL/100 g), and MTT (Ͼ6, Ͼ8 seconds). The percent area of infarction was calculated on the basis of the pixel numbers of infarcted tissue identified by the aforementioned thresholds divided by the pixel numbers of the entire hemisphere.
Statistical Analysis
Statistical analysis was performed with the SPSS 9.0 for Windows Software Package (SPSS Inc). Repeated intragroup measurements were analyzed with a paired t test and repeated-measures ANOVA, respectively. Intergroup differences were compared with the 2-tailed t test and ANOVA for Ն2 groups, respectively. For nonnormally distributed data, Mann-Whitney and Kruskal-Wallis tests were applied. Agreement between the CT measurements and the size of infarction on TTC staining was assessed by means of linear regression analysis and the Pearson product moment test. Statistical significance was declared at the PϽ0.05 level.
Results
Results of the physiological data are given in the Table. No significant differences were found among the 3 sequential studies at each slice and between the control and the ischemia groups. In 7 of 10 animals of the ischemia group, the filament was successfully placed within the MCA stem. In another animal, the filament lodged within the distal part of the ICA (this animal was included in this series). One animal was excluded from the analysis because the filament could not be advanced Ͼ35 mm into the ICA. Another animal was excluded from the study because of vessel perforation of the filament with brain hemorrhage. Thus, 8 rabbits of the ischemia group (containing 16 brain slices) and the 5 control rabbits were included in the analysis.
In the control rabbits, no cerebral infarction was found on postmortem investigations. In the ischemia group, TTC staining showed cerebral infarction in 14 of the 16 slices. The mean (ϮSD) area of infarction constituted 16.7Ϯ10.6% of the ipsilateral hemisphere (range, 7.3% to 40.1%). In contrast to the variable size, the location of infarction was consistent, affecting laterocaudal parts of the cortical and adjacent subcortical tissue of the temporal lobe. This was in agreement with TTC staining (Figures 2B and 3B) . The frontal slice showed consistently larger infarcts (22.1Ϯ14.1%) than the temporal slice (11.3Ϯ6.7%), with wedge-shaped involvement of deep brain structures. In the animal with the filament lodging in the distal ICA, no infarction was visible on TTC staining. Figure 1 . A, Definition of the 2 brain slices for dynamic CT studies and TTC staining by the distance to the tip of the brain. At each slice, 3 sequential dynamic CT studies were performed (see text). B, Standardized method for generation of 12 ROIs for analysis of short-term variability of CBF, CBV, and MTT in control rabbits. First, a large circular ROI was manually drawn to encompass the entire brain slice. Then a smaller copy of this ROI was placed within this ROI. The image center was automatically localized by the software, from which radial lines at equal angular increments of 60°were automatically generated.
Control Group
The mean (ϮSD) values for all control studies were 68Ϯ19 mL/100 g per minute (CBF), 2.5Ϯ0.8 mL/100 g (CBV), and 2.2Ϯ0.8 seconds (MTT). In the temporal slice, significantly higher CBF (76 versus 61 mL/100 g per minute; Pϭ0.01) and CBV (3.1 versus 2.5 mL/100 g; Pϭ0.02) were found compared with the frontal slice because of the higher amount of gray matter in the former. The MTT values for the temporal and the frontal slices were similar (2.1 versus 2.2 seconds; Pϭ0. 8) . No interhemispheric differences existed for either CBF, CBV, or MTT (all PϾ0.5). Over time, a significant drop of CBF occurred in study 3 compared with both study 1 and study 2 (PϽ0.05, ANOVA). No significant changes in CBV and MTT were found over time (PϾ0.1) despite a trend toward a slight increase of MTT with time. Comparing the 12 standardized ROIs per study ( Figure 1B ) using regression analysis, we found a close association between values of study 1 and study 2 for CBF (rϭ0.94, slopeϭ1.01), CBV (rϭ0.94, slopeϭ0.86), and MTT (rϭ0.76, slopeϭ0.92). The short-term variabilities of CBF, CBV, and MTT in the control group were satisfactory. Mean (ϮSD) values of studies 1 and 2 were 72.8Ϯ29.1 and 74.1Ϯ31.8 mL/100 g per minute for CBF (variability 10.9%), 2.89Ϯ1.42 and 2.97Ϯ1.66 mL/100 g for CBV (variability 15.2%), and 2.09Ϯ0.79 and 2.02Ϯ0.58 seconds for MTT (variability 19.9%).
Ischemia Group
As observed in the control studies, there was a trend toward a reduction of CBF over time, which did not reach statistical significance either for the entire slice or when ipsilateral and contralateral hemispheres were assessed separately (all PϾ0.1). An overall significant reduction in CBV was found for studies 2 and 3 (1.8Ϯ0.3 and 1.7Ϯ0.3 mL/100 g per minute) compared with study 1 (2.1Ϯ0.6 mL/100 g; PϽ0.05), while no significant changes of MTT were found (PϾ0.5). When interhemispheric differences were evaluated, the ipsilateral hemisphere showed significantly lower CBF (33.9 versus 49.3 mL/100 g per minute; PϽ0.001) and higher MTT (3.60 versus 2.13 seconds; PϽ0.001), with a trend toward lower ipsilateral CBV (1.73 versus 1.93 mL/100 g; Pϭ0.06).
In 14 of the 16 CT maps, an ischemic area could be visualized that corresponded well with the TTC slices (Figures 2 and 3) . The ischemic core was located predominantly in the cortical rim of the frontotemporal lobe. According to the TTC staining, more extensive ischemia was found in the frontal slice, including deep brain structures such as the basal ganglia and the internal capsule, than in the temporal ones. In slices with large focal ischemia, all CT maps allowed depiction of the ischemic area by means of reduced CBF and CBV as well as increased MTT (Figures 2 and 3 ). In cases with minor cerebral ischemia, CBV maps did not consistently show a severe reduction, especially at earlier stages of the experiment. In these cases, the MTT maps were more sensitive in depicting the location and extent of ischemia.
As discussed in Materials and Methods, we defined critically ischemic tissue for cerebral infarction by different a priori defined thresholds for CBF, CBV, and MTT. The best correlation with respect to size and location of infarction was found for a threshold of CBF Ͻ10 mL/100 g per minute (rϭ0.95, PϽ10
Ϫ7
) with regression slopes close to unity (slope [m]ϭ1.05; Figure 4 ). When we assessed each of the 3 sequential CT studies for CBF Ͻ10 mL/100 g per minute, all 3 studies showed a good correlation with TTC staining (rϭ0.89 to 0.93, respectively). Notably, the number of pixels with critically reduced CBF was negligible in the 2 slices without subsequent infarction. Threshold of CBF Ͻ7 and Ͻ13 mL/100 g per minute likewise revealed good linear correlations (rϭ0.90 and 0.94, respectively) and regression All values are meanϮSD. MAP indicates mean arterial pressure. No significant differences were observed between ischemia and control groups as well as among the 3 sequential studies of the same slice (all PϾ0.1).
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slopes (mϭ0.96 and 0.94, respectively) with size of infarction.
MTT maps likewise showed a good agreement with the TTC-stained slice, with the best correlation found for a threshold of Ͼ6 seconds (Rϭ0.85, slope [m]ϭ0.95; Figure  4 ), which is approximately 2.5 times above the average control MTT. A threshold of MTT Ͼ8 seconds revealed a correlation of 0.83 and a regression slope of 0.59 with TTC staining. In cases with a small area of ischemia, MTT maps were more sensitive than CBF and CBV in depicting ischemic tissue. This was especially true for perfusion measurement early after induction of ischemia.
In contrast, the CBV-based definition of critically ischemic tissue showed a weaker but still significant correlation to size of infarction (Rϭ0.8, slope [m]ϭ0.49, PϽ0.001; Figure 4 ). Critically ischemic tissue was strongly underestimated with the use of a low threshold of CBV Ͻ0.5 mL/100 g and was severely overestimated with the use of a threshold of CBV Ͻ1.0 mL/100 g compared with TTC staining. As a result, among the regressions between size of infarction defined with TTC staining and either CBF, CBF, or MTT thresholds, that using CBV is the weakest.
Discussion
Functional CT imaging after bolus injection of contrast material was evaluated 2 decades ago, but the poor scanning frequency of CT scanners at the time precluded its entry into clinical practice. 13, 14 With the advent of fast helical CT scanners, this method has renewed interest as a means of measuring CBF and CBV in patients with acute cerebral ischemia. [25] [26] [27] [28] A variety of mathematical algorithms are being applied to extract the perfusion-related information from the tissue enhancement curves. Whereas most of the studies are performed in clinical studies, only a few techniques were "calibrated" in experimental stroke models. We investigated the value of functional maps of absolute CBF, CBV, and MTT to define critically ischemic tissue for subsequent occurrence of cerebral infarction.
We found an excellent agreement between size and location of critically ischemic tissue defined by acute CT perfusion mapping and size of infarction postmortem by TTC staining. In this respect, CBF maps showed the best correlation between critical ischemia and postmortem tissue staining, with regression slopes close to unity for thresholds of 10 mL/100 g per minute (mϭ1.05). Critically ischemic tissue was determined as the mean of the areas of tissue with CBF below the aforementioned thresholds for the 3 sequential CT studies. For a given species, CBF threshold for critical ischemia is expected to be constant among different animals. This, together with our short-term variability studies in the control animals, underscores the high consistency of our functional perfusion measurements. Furthermore, the optimum CBF threshold found for infarct prediction (ie, Ͻ7 to 10 mL/100 g per minute) is plausible with regard to most of the experimental studies reporting thresholds for cerebral infarction at CBF levels Ͻ5 to 12 mL/100 g per minute among the different species. 29 -32 This supports the accuracy of our CBF measurements, which has already been shown in our validation studies using fluorescent microspheres. 15, 16 Notably, in the control studies and in all contralateral slices of the ischemia group, mean (ϮSD) areas with CBF Ͻ10 mL/100 g per minute were as small as 0.8Ϯ0.5% and 1.1Ϯ1.2% of the hemisphere, respectively. This indicates the high specificity of our CBF measurements and the threshold applied to detect critical ischemia. The results of this study, together with previous experimental investigations, [15] [16] [17] indicate that the accuracy of this method of CT perfusion mapping with the use of an extracranial artery as an input function is appropriate for the assessment of severe ischemia. Mapping of MTT with a threshold of Ͼ6 seconds likewise showed a good predictability of later occurrence of infarction (Figure 4) . In cases of limited severe ischemia, MTT maps seemed more sensitive than CBF maps in depicting the lesion site, especially at very early stages. Since MTT reflects the velocity of the contrast agent traveling through the capillaries of a tissue sample, it is a very sensitive marker of locally reduced perfusion pressure downstream of an occluded vessel. Since a threshold of 6 s is a 2.5-fold increase of MTT compared with the control studies, it corresponds to an MTT increase from a normal of 5.5 to 6 seconds to 14 to 15 seconds in humans. Notably, PET investigations in humans have shown that an MTT beyond 13 to 15 seconds indicates tissue at high risk of infarction because of exhaustion of autoregulation. 33 Thus, our optimum threshold of MTT for prediction of infarction agrees with this result. MTT maps are a useful complement to CBF maps, especially to detect minor areas of ischemia.
In contrast, the CBV maps were only of moderate diagnostic value to define critically ischemic tissue (Figure 4) . Using a low CBV threshold of Ͻ0.5 mL/100 g led to an underestimation of subsequent infarction. Most likely, vasodilatory effects, likely to occur within ischemic tissue, 3 make CBV maps less useful for the prediction of tissue necrosis. This observation is in accordance with previous experimental studies using well-established measurement techniques demonstrating a low sensitivity for CBV measurements to depict cerebral ischemia. 34, 35 In a PET investigation of acute stroke patients, Heiss et al 6 found a significant reduction of CBF but not of CBV in the ischemic core and surrounding tissue compared with contralateral tissue. In a recent study by Hatazawa et al, 35 CBF was definitely superior to CBV in predicting occurrence of cerebral infarction. They hypothesized that a preserved CBV level reflects maintained compensatory mechanisms indicative of potentially salvageable brain tissue. Thus, the additional assessment of CBV may help to define the individual therapeutic window, which deserves further experimental consideration.
Only one previous study has correlated results of dynamic CT mapping with postmortem size of infarction. Lo et al 28 compared the results of CT-derived maps of relative bolus delay of contrast material and relative blood volume with TTC staining in a rabbit model of focal cerebral ischemia. They likewise observed an overall good correlation for their relative perfusion maps and postmortem findings despite differences of up to 50% in individual cases. They demonstrated that the final area of infarction included not only regions without any contrast enhancement (ie, without any flow) but also tissue with disturbed hemodynamics (relative bolus delays Ͼ6 seconds). For defining the core of ischemia with maximum CBF reduction, ie, containing noise only without any contrast enhancement, the relative and absolute approach should be of similar accuracy. In contrast to absolute calculations, however, the relative approach requires comparison of each ROI with a "normal" reference region (usually within the contralateral hemisphere). The occurrence of perfusion disturbances in the contralateral hemisphere 36, 37 makes the assumption that the contralateral hemisphere contains entirely normal tissue questionable. The latter constitutes a significant source of errors of relative perfusion measurements. Furthermore, interstudy comparisons are more difficult without normalization of the individual arterial input. In summary, more data are needed to better define the diagnostic potential and limitations of absolute versus relative measurements of the cerebral perfusion.
Further methodological considerations must be discussed. First, a prerequisite for comparison of in vivo measurements with an ex vivo gold standard is the appropriate registration of the respective slices. We selected 2 target slices by measuring the distance from the tip of the brain through CT scanning at 1-mm intervals. These distances were used for ex vivo tissue slicing, which revealed an overall good agreement. This procedure could not eliminate all residual mis- matches between CT image and tissue slice. However, the standardization avoided bias from a purely visual selection. Second, the radiation dose of this dynamic CT technique must be considered. Although 60 cine images are required for a dynamic CT study, the low x-ray parameters [80 kV(p) and 80 mA per image] ensure that the effective dose equivalent for a dynamic CT study (Ϸ2.0 to 2.5 mSv) is only slightly higher than that for a routine CT head scan (Ϸ1.5 mSv). 38 With the use of a faster contrast injection, 25, 26 the number of images required could be reduced further, lowering the overall radiation dose. The duration to produce highresolution maps has become negligible because recent advances of programs and computer systems have enabled us to generate maps of absolute cerebral perfusion within 3 to 5 minutes. This time is sufficiently short to allow the use of these hemodynamic data for clinical decisions even in hyperacute strokes. Finally, our CT measurement is currently restricted to a single CT slice. In the study by Koenig et al, 26 acute stroke patients were also investigated with the use of monoslice dynamic CT perfusion imaging. Although assessment of tissue ischemia was good overall, in 3 of 16 studies ischemia occurred at a site distant to the target slice and was missed by the single-slice measurements. With the advent of multislice CT scanners, this limitation will be reduced in the near future. 39 In summary, we have experimentally demonstrated that the location and extent of cerebral ischemia can accurately be assessed by deconvolution-based CT mapping of CBF and MTT. On the basis of our measurements, CBF threshold of Ͻ10 mL/100 g per minute and MTT threshold of Ͼ6 seconds were accurate predictors of cerebral infarction in a rabbit model of acute focal cerebral ischemia. Because of the low cost and broad availability of CT scanners, this method has the potential to improve early stroke management on a broad scale; however, further clinical studies are required to confirm the experimental results reported here before widespread application of the method can be recommended.
Editorial Comment
Rational stroke therapy will depend on accurate assessments of the extent of tissue injury in the very early stages of the ischemic event. 1 The preceding report by Nabavi and colleagues demonstrates the usefulness of dynamic computed tomography (dCT) for this purpose. Algorithms to extract cerebral blood flow (CBF), cerebral blood volume (CBV), and mean transit times (MTT) from CT were developed over 20 years ago. 2 However, it was not until the development of rapid spiral, or slip-ring, CT scanners that the information available from those algorithms could be obtained in a clinically relevant time frame.
This group has shown earlier, in animals, that the measurements obtained with the dCT scanners correlate well with standard methods of blood flow measurement. 3 In this report, they extend those observations to correlate the CBF, CBV, and MTT with 2,3,5-triphenyltetrazolium chloride (TTC) measurements of infarct size. Absolute measurements of CBF are possible with dCT with a rapid bolus injection of Ultravist, using an arterial measurement and a tissue measurement. If both are known, the CBF can be extracted mathematically. 2 Similarly, CBV and MTT data are available. The authors found that dCT measurements of CBF were tightly correlated with infarct size as measured by TTC. MTT was also well correlated, but the relationship with CBV was less accurate. Because of the availability of dCT scanners in many clinical centers, human studies are being done in parallel with the animal studies. Early results look very promising for the use of dCT to accurately predict stroke size and to aid in the selection of patients for thrombolysis. 4, 5 CT scanners are more widely available than MRI scanners. Use of CT contrast agents introduces a small risk of fatal reaction to the dye, and the radiation doses involved with dCT are the same as standard CT. Neither of these factors, therefore, should impede the use of these methods. Another problem with dCT is the ability to obtain only 1 slice at a time, which means that the region of the stroke may be missed. This may be overcome with the use of multislice scanners.
Technology advances are being made faster than our ability to fully evaluate their utility. Positron emission tomography, single-photon emission CT, and perfusion-or diffusion-weighted MRI all provide information on extent of tissue damage. 6, 7 Dynamic CT is an important advance, and in the next few years information should be available that will help guide our rational use of current thrombolytic agents and facilitate the testing of new agents.
